The increased availability of antiretroviral agents that are active against human immunodeficiency virus (HIV) type 1 has made it possible to maintain prolonged virus suppression with sustained increases in CD4 + lymphocyte counts [1, 2] . Associated with this prolonged reduction in HIV-1 replication have been delayed disease progression and significant decreases in opportunistic complications and mortality [3] . The benefits of highly active antiretroviral therapy (HAART) have been observed in children, as well as in adults; an annual mortality ,1% was recently found among HIV-infected children followed up within the Pediatric AIDS Clinical Trials Group (PACTG) [4, 5] .
Currently, optimal management of HIV-1 infection in a patient who is receiving antiretroviral therapy includes monitoring of plasma HIV-1 RNA levels and CD4
+ lymphocyte counts [6] [7] [8] [9] . After the initiation of HAART, most patients who are adherent to treatment regimens will have undetectable levels (,50 copies/ mL) of plasma HIV-1 RNA [5, 10] . There currently is no broadly used marker assay for further monitoring the decrease in HIV-1 in peripheral blood once HIV-1 RNA has reached an undetectable level. Such markers may be helpful in understanding HIV-1 pathogenesis and identifying subgroups of patients who are more or less likely to have sustained virus suppression and increases in CD4 + lymphocyte counts.
During potent and prolonged therapy, HIV-1 DNA can remain detectable in peripheral blood mononuclear cells (PBMC) [11, 12] and lymphoid tissues [13] , even when virus suppression has been sustained with long-term treatment. Additionally, replication-competent virus can be recovered from resting memory CD4 + lymphocytes in adults [14, 15] and children [13, 16, 17] . The level of HIV-1 DNA has been found to decrease after long-term antiretroviral treatment and appears to reach a plateau even when potent HAART is continued [11, 12] . The dynamics of plasma HIV-1 RNA in children after initiation of HAART are similar to what is observed in adults [18] . However, immune responses to HAART that occur in children may differ from those described for adults. The thymus, which has an important role in T cell maturation and proliferation, is more functional in children. During HAART, children reconstitute CD4 + lymphocyte populations with naive CD4 + cells earlier than do adults, who tend to have an initial predominant restoration of memory CD4 + lymphocytes [19] [20] [21] . Thus, the quantity of residual HIV-1 remain- ing in the CD4 + lymphocytes in children may differ from that in adults, reflecting the different populations of cells found in the peripheral circulation when HAART is successful.
Reduction of total HIV-1 DNA in peripheral blood has been reported during administration of several combination antiretroviral regimens in adults [22] [23] [24] [25] [26] [27] . However, no data are available that identify the dynamics of HIV-1 DNA in children treated with HAART who have sustained virus suppression and increased CD4 + lymphocyte counts. The present study was undertaken to determine the dynamics of HIV-1 DNA in the peripheral blood of HIV-1-infected children in whom undetectable plasma HIV-1 RNA levels were sustained for .1 year after the initiation of HAART. The relationships between HIV-1 DNA levels and plasma HIV-1 RNA levels or CD4 + lymphocyte counts before and after initiation of treatment were also assessed.
Subjects, Materials, and Methods
Subjects. Subjects evaluated in this study were participants in PACTG 382, which was designed to evaluate the pharmacokinetics, tolerance, and potential efficacy of a therapeutic regimen including efavirenz, nelfinavir, and 1 or 2 nucleoside reverse-transcriptase inhibitors (NRTIs) in children. Patients enrolled in the PACTG study were nonnucleoside reverse-transcriptase inhibitor and protease inhibitor naive but could have received prior NRTIs. Children received either 1 NRTI or 2 NRTIs in addition to efavirenz and nelfinavir. Under this open-label protocol, 57 HIV-1-infected children aged 3-17 years were enrolled at some point from October 1997 through February 1998 as part of the PACTG study. The combination therapy used as part of the PACTG study was well tolerated and had a potent and sustained antiviral effect in children [5] .
A subgroup of 41 children (median age, 5.6 years; range, 1.7-16.8 years) were selected for the HIV-1 DNA study described here on the basis of having persistently undetectable plasma HIV-1 RNA levels while receiving study HAART for . 2 years (table 1). Children who received , 2 years of study treatment, in whom HIV-1 RNA levels , 50 copies/mL were not attained, or who had >2 consecutive detectable plasma HIV-1 RNA measurements (>50 copies/ mL) after HIV-1 RNA levels had decreased to , 50 copies/mL were excluded from the study. Thirty of 31 children included in the final study group were documented to have received previous treatment with >1 NRTI.
Quantification of HIV-1 DNA. PBMC were isolated from whole blood by Ficoll-Paque gradient separation (Amersham Pharmacia). Cells were frozen and stored immediately at 2 70 C in freezing medium that contained 10% dimethyl sulfoxide and 90% fetal calf serum. HIV-1 DNA levels were quantified by the Amplicor HIV-1 Monitor assay (Roche Molecular Systems) [28] . Measurement of NOTE. A plasma HIV-1 RNA level , 50 copies/mL after < 8 weeks of study treatment was considered to be a rapid response; a plasma HIV-1 RNA level , 50 copies/mL after . 8 weeks of study treatment was considered to be a slow response. All patients received efavirenz and nelfinavir in addition to 1 or 2 NRTIs. PBMC, peripheral blood mononuclear cells.
a The x 2 test was used to compare categorical variables; the Wilcoxon rank sum test was used to compare continuous variables.
total DNA (cellular plus viral) was performed with Hoechst dye (bisbenzimide; Pharmacia) by use of a fluorometer. The level of HIV-1 DNA is expressed as copies per microgram of cellular DNA. The HIV-1 DNA copy number was calculated using the following formula: HIV-1 copies ¼ ðtotal HIV-1 optical density/total quantitation standard optical densityÞ £ input quantitation standard copy number. The HIV-1 copies were normalized to total genomic DNA and expressed as HIV-1 copies per microgram of extracted DNA, using the conversion 1 mg of DNA ¼ 150,000 PBMC. DNA levels were calculated and expressed in 3 ways: (1) copies per 10 6 PBMC, (2) copies per 10 6 CD4 + lymphocytes, using CD4 + lymphocyte counts from the same day that the PBMC were obtained, and (3) copies per milliliter of whole blood. HIV-1 DNA levels in PBMC were measured at baseline (prior to initiation of study treatment) and at weeks 2, 4, 8, 20, 48, 80, and 104. Quantitation of plasma HIV-1 RNA. The level of plasma HIV-1 RNA was measured by a commercially available polymerase chain reaction assay, the Amplicor HIV-1 Monitor assay (Roche Molecular Systems). Plasma samples with , 400 copies/mL of HIV-1 RNA, which is the limit of quantitation of this assay, were tested by use of the Ultrasensitive HIV-1 Monitor assay (version 1.0; Roche Molecular Systems), which has a limit of quantitation of 50 copies/mL of HIV-1 RNA. The values of the ultrasensitive assay were used for data analysis when samples were retested.
Statistical analysis. For the purposes of statistical analysis, data from continuous measures, including DNA and RNA levels and CD4 + lymphocyte count data, were transformed to log 10 . Correlations among these variables were assessed by means of Spearman's rank order methods. Group comparisons between these continuous variables consisted of Wilcoxon rank sum tests, when 2 groups were involved, and Kruskal-Wallis tests, when . 2 groups were being compared. Within-subject assessments of change over time in continuous variables consisted of Wilcoxon matched-pairs signed rank tests. x 2 tests were used to make pairwise comparisons between categorical variables. Covariance analyses and half-life estimation were done using regression models. P < :05 was considered to be significant.
Results
All children in the present study had undetectable plasma HIV-1 RNA levels by week 48 and sustained undetectable plasma HIV-RNA levels (, 50 copies/mL) throughout the rest of the study period. Twenty-seven patients (87%) were black or Hispanic. At baseline, the median CD4 + lymphocyte count was 2.8 log 10 cells/mL, and the median plasma HIV-1 RNA level was 3.9 log 10 copies/mL. Thirty-nine percent of patients (12 of 31 patients) received 1 NRTI; the remaining 61% (19 of 31 patients) received 2 NRTIs. The number of NRTIs administered was decided by each child's primary HIV care provider. All patients received efavirenz and nelfinavir. The 31 study patients were divided into 2 groups, on the basis of response to HAART: patients with a rapid response ("rapid responders"; n ¼ 16), whose plasma HIV-1 RNA levels decreased to , 50 copies/mL after < 8 weeks of HAART, and patients with a slow response ("slow responders"; n ¼ 15), whose HIV-1 RNA levels decreased to , 50 copies/mL after .8 weeks of HAART. No statistically significant differences were seen at baseline between the rapid responders and slow responders in background characteristics, including sex, age, race, CD4 + lymphocyte count, and plasma HIV-1 RNA level (table 1) .
Association between continuous suppression of plasma HIV-1 RNA and sustained increases in CD4 + lymphocyte counts. All 31 patients enrolled in this study had detectable levels of plasma HIV-1 RNA (range, 2.9-5.2 log 10 copies/mL) before initiation of antiretroviral therapy. Fourteen patients (45%) had HIV-1 RNA levels . 4 log 10 copies/mL at baseline. Sixteen (52%) of the 31 patients had an undetectable plasma HIV-1 RNA level at week 8, and all patients had an undetectable level at week 48. 6 PBMC (r ¼ 0:82; P , :0001), and this correlation remained strong throughout the study period (r . 0:85; P , :0001). The change in HIV-1 DNA levels from baseline through week 104 observed in data expressed as copies per 10 6
CD4
+ lymphocytes also correlated highly with the decrease observed when data were expressed as copies per 10 6 PBMC (r ¼ 0:91; P , :0001). Thus, unless otherwise specified, HIV-1 DNA levels are expressed as copies per 10 6 PBMC in the analyses that follow. The change in CD4 + lymphocyte counts from baseline through week 104 was not correlated with the change in HIV-1 DNA during this time period (r ¼ DNA at baseline and that at week 8 (P ¼ :003) and between the median quantity at baseline and that at weeks 20, 48, 80, and 104 (P , :001). HIV-1 DNA quantities decreased further from week 20 through week 80 (P ¼ :003), with a marginally significant decrease from week 48 through week 80 (P ¼ :07), and reached a plateau from week 80 through week 104 (P ¼ :7). However, levels of HIV-1 DNA remained detectable in all patients through week 104 (median, 263 copies/10 6 PBMC; range, 51-1321 copies/10 6 PBMC). The estimated half-life for intracellular HIV-1 DNA, calculated by regression coefficient analysis, was 60 weeks.
The baseline intracellular HIV-1 DNA level was a predictor of HIV-1 DNA levels at each subsequent week. There were high correlations between baseline HIV-1 DNA and the HIV-1 DNA levels at weeks 2-20 (r . 0:74; P , :0001). This correlation diminished but remained statistically significant from week 48 through week 104 (r . 0:39; P , :05).
Decrease in intracellular HIV-1 DNA levels in children who received 1 NRTI and those who received 2 NRTIs. Because children who received efavirenz, nelfinavir, and 2 NRTIs may have had a more rapid decrease in intracellular HIV-1 DNA than those who received only 1 NRTI, we examined the absolute intracellular HIV-1 DNA load and rate of decrease in both groups (table 2) . Children who received 2 NRTIs had a median baseline intracellular HIV-1 DNA load of 2.81 log 10 copies/10 6 PBMC, versus 2.94 log 10 copies/10 6 PBMC for children who received a single NRTI (P ¼ :43). At week 48, intracellular HIV-1 DNA loads had decreased to 2.51 and 2.52 log 10 copies/10 6 PBMC for the 2-and 1-NRTI groups, respectively (P ¼ :93). By week 104, intracellular HIV-1 DNA loads were 2.4 and 2.61 log 10 copies/10 6 PBMC, respectively (P ¼ :08). The rates of intracellular HIV-1 DNA decrease for the 2 groups did not differ at any of the intervals examined.
Correlation between intracellular HIV-1 DNA and plasma HIV-1 RNA. To estimate the ratio of replicating virus to nonreplicating virus and to approximate the number of cells produc- HIV-1 DNA significantly decreased from week 20 through weeks 80 (P ¼ :005) and 104 (P ¼ :002). n, No. of patients in each group for each week. Variation in sample size was due to no. of patients available for study at each time point. *P , :05. **P , :001. NOTE. All patients received efavirenz and nelfinavir in addition to 1 or 2 NRTIs. No statistically significant differences were observed between the 2 groups in the quantities of intracellular HIV-1 DNA at any time period (:08 < P < 1:00) or in the rate of decrease between HIV-1 DNA levels at baseline or at any given time period (:09 < P < :49). Q1, 25th percentile; Q3, 75th percentile.
a The Wilcoxon rank sum test was used for comparisons.
ing virus, the association between intracellular HIV-1 DNA and plasma HIV-1 RNA was examined. Figure 2 To examine the ratio of HIV-1 RNA to HIV-1 DNA, the HIV-1 DNA concentration in each patient was converted from copies per 10 6 PBMC to copies per milliliter of whole blood, so that HIV-1 DNA and HIV-1 RNA concentrations were expressed in the same units. At baseline, the ratio of HIV-1 RNA to HIV-1 DNA was 10.8:1. This ratio decreased rapidly with treatment; median ratios of 0.46:1, 0.14:1, and 0.12:1 were observed at weeks 2, 4, and 8, respectively.
Intracellular HIV-1 DNA levels in rapid versus slow responders. Study patients were divided into 2 groups, rapid responders (n ¼ 16), whose plasma HIV-1 RNA levels decreased to ,50 copies/mL after < 8 weeks of HAART, and slow responders (n ¼ 15), whose plasma HIV-1 RNA levels decreased to , 50 copies/mL after . 8 weeks of HAART. Median intracellular HIV-1 DNA levels were lower among rapid responders than among slow responders at baseline and throughout follow-up. Statistically significant differences were seen at weeks 2 (P ¼ :01), 4 (P ¼ :01), 8 (P ¼ :02), 48 (P ¼ :02), and 80 (P ¼ :009) ( figure  3 ). These differences were not significant at baseline (P ¼ :18), week 20 (P ¼ :14), or week 104 (P ¼ :31).
Sixty-three percent of rapid responders had HIV-1 DNA levels lower than the median at week 8, whereas 73% of slow responders had levels higher than the median (P ¼ :045) (table 3), which suggests that rapid responders had lower intracellular HIV-1 DNA levels than did slow responders at week 8. At weeks 2, 4, 8, 48, and 80, rapid responders had levels of HIV-1 DNA that were significantly lower than levels in slow responders (P , :05). After week 8, both rapid and slow responders exhibited a continued decrease in intracellular HIV-1 DNA from week 8 through week 104 of 0.34 log 10 copies/10 6 PBMC (P ¼ :011) and 0.39 log 10 copies/10 6 PBMC (P ¼ :001), respectively. In addition, 27 (87%) of 31 patients had undetectable levels of HIV-1 RNA by week 20. These patients exhibited a decrease in HIV-1 DNA of 0.13 log 10 copies/10 6 PBMC from week 20 through week 104 (P ¼ :015), which indicates that a decrease in intracellular HIV-1 DNA levels could be demonstrated during the period in which HIV-1 RNA levels were undetectable.
Correlation between intracellular HIV-1 DNA levels and CD4 + lymphocyte counts. Although a gradual increase in CD4 + lymphocyte counts was seen in the children who participated in this study, there was no correlation between a patient's intracellular HIV-1 DNA level and the CD4 + lymphocyte count at baseline or at weeks 2, 4, 8, 20, or 48 (r ¼ 20:09 to 0.06; P . :63). Additionally, baseline CD4 + lymphocyte counts were not predictive of change in intracellular HIV-1 DNA over time (P . :05 for change in intracellular HIV-1 DNA from baseline to all follow-up weeks). Finally, an examination of HIV-1 DNA levels by CD4 + lymphocyte count plots failed to reveal a threshold level of HIV-1 DNA at which patients with substantial increases in CD4 + lymphocyte counts could be distinguished from those with little or no increase in CD4 + lymphocyte counts. However, the ratio of CD4 + lymphocyte count to HIV-1 DNA copies progressively increased from baseline through week 80.
When HIV-1 DNA was expressed in copies per milliliter and CD4 + lymphocyte counts were expressed in cells per milliliter, the baseline ratio of HIV-1 DNA to CD4 + lymphocytes was 1:371. This decreased to 1:407, 1:477, and 1:569 at weeks 2, 4, and 8, respectively, and reached a plateau of , 1:1100 at weeks 80 and 104.
Discussion
Our research findings demonstrate that HIV-1 DNA remains detectable in the PBMC of infected children who have received HAART for > 2 years, despite maintenance of sustained plasma HIV-1 RNA levels , 50 copies/mL. HIV-1 DNA levels gradually decreased from baseline through week 48, reaching a plateau from week 80 through week 104. Thus, even when the level of viral RNA in plasma was undetectable, PBMC continued for Figure 3 . Comparison of median intracellular quantities of human immunodeficiency virus (HIV) type 1 DNA in patients who had a rapid response to therapy ("rapid responders"; children in whom the plasma HIV-1 RNA levels decreased to , 50 copies/mL after < 8 weeks of highly active antiretroviral therapy [HAART]) and patients who had a slow response to therapy ("slow responders"; children in whom the plasma HIV-1 RNA levels decreased to , 50 copies/mL after . 8 weeks of HAART). The median intracellular quantity of HIV-1 DNA in rapid responders is consistently lower than that observed in slow responders, at weeks 2 (P ¼ :01), 4 (P ¼ :01), 8 (P ¼ :02), 48 (P ¼ :02), and 104 (P ¼ :31). n, No. of patients in each group for each week; PBMC, peripheral blood mononuclear cells. Variation in sample size was due to no. of patients available for study at each time point. *P , :05. NOTE. A plasma HIV-1 RNA level , 50 copies/mL after < 8 weeks of study treatment was considered to be a rapid response; a plasma HIV-1 RNA level , 50 copies/mL after . 8 weeks of study treatment was considered to be a slow response.
at least 2 years to harbor HIV-1 DNA that could be quantified, and HIV-1 DNA in PBMC may be a useful marker of continued virus suppression.
The median quantity of intracellular HIV-1 DNA had decreased by 31% at week 8, by 42% at week 20, and by 57% at week 48, compared with the baseline level. The estimated half-life of HIV-1 DNA for this patient population, calculated by regression coefficient analysis, was 60 weeks (14 months), which is longer than the viral half-lives reported elsewhere for infected adults receiving effective antiretroviral therapy, which were estimated to be between 5 and 10 months [29] [30] [31] .
Several hypotheses could explain the prolonged half-life of intracellular HIV-1 DNA in children, compared with that in adults. Children have higher numbers of CD4 + lymphocytes, which can serve as targets for HIV-1 infection and may be capable of harboring low levels of HIV-1 DNA and nonreplicating virus, than do adults. Alternatively, a differential susceptibility to the antiviral activity of the antiretroviral therapies used could explain the observed differences in the HIV-1 DNA half-lives observed in children. In addition, because 97% of the children in the present study had received > 1 NRTI before the initiation of study treatment, diminished susceptibility to the antiretroviral agents used may have affected the quantity of HIV-1 DNA and the rate of decrease that we observed.
It is important to note that the present study investigated only the pool of virus present in peripheral blood. Other reservoirs of HIV-1-infected cells exist throughout the body, including the lymph nodes, the central nervous system, and some solid organs, in which replication-competent virus likely will persist despite sustained virus suppression as determined by plasma HIV-1 RNA. Therefore, the complete eradication of HIV-1 from an infected individual by use of currently available antiretroviral agents likely will not be possible.
Intracellular levels of HIV-1 DNA at baseline were predictive of future quantities of HIV-1 DNA in the children evaluated in the present study. Patients who had high HIV-1 DNA levels at baseline continued to have higher quantities of HIV-1 DNA throughout the 104 weeks of follow-up. These higher baseline levels of HIV-1 DNA may indicate a relative increase in the number of cells susceptible to productive HIV-1 infection. The persistence of higher levels of intracellular HIV-1 DNA in patients who had the highest baseline levels of HIV-1 DNA during sustained antiretroviral-induced virus suppression suggests that the virus set point may be predetermined by the pool of susceptible long-lived cells that are capable of maintaining HIV-1 DNA without virus replication or cell death. Similar findings have been reported for HIV-1-infected adults receiving HAART, independent of baseline CD4 + lymphocyte counts [30, 32] . At baseline and while expression of HIV-1 continued to be detectable during the first 8 weeks of therapy, quantities of intracellular HIV-1 DNA correlated with quantities of plasma HIV-1 RNA. By week 20, correlations between HIV-1 DNA and HIV-1 RNA were no longer meaningful, because HIV-1 RNA levels had become undetectable (, 50 copies/mL) in almost all members of the subgroup studied.
The rate of decrease in plasma HIV-1 RNA levels in the early phase of treatment is useful for the evaluation of the potential response to HAART in children [33] . In the larger cohort from which the subgroup for this study was derived, 75% of rapid responders maintained virus suppression (, 50 copies/mL) for > 24 weeks, compared with 48% of slow responders. Additionally, baseline plasma HIV-1 RNA levels are predictive of the nadir achieved and of sustained HIV-1 RNA suppression after initiation of HAART. The correlation between HIV-1 DNA and therapeutic efficacy has been reported for adults [34] . In that study, mean HIV-1 DNA copy numbers for patients who did not respond to treatment were 4.54-fold higher than those for patients who did respond to treatment and for untreated patients. In the present study, rapid responders were found to have median intracellular HIV-1 DNA levels at baseline that were lower than those for slow responders. Of interest, even when antiretroviral therapy was effective (defined as achievement of plasma HIV-1 RNA levels ,50 copies/mL), slow responders continued to have greater quantities of intracellular HIV-1 DNA than did rapid responders, throughout 104 weeks of HAART.
The assay used for our studies measured total HIV-1 DNA, both integrated and unintegrated. Integrated HIV-1 DNA is stable and is located mainly in resting memory CD4 + T cells, which are the major reservoirs of HIV-1 virus [13] . Unintegrated HIV-1 DNA is the direct product of acute replicating virus, is unstable, and is the major form of HIV-1 DNA that decreases during the initial period of effective antiretroviral therapy [35] . It is possible, therefore, that the HIV-1 DNA found in rapid responders after 8 weeks of therapy predominantly is integrated HIV-1 DNA, whereas slow responders harbor a greater ratio of unintegrated HIV-1 DNA to integrated HIV-1 DNA; since unintegrated HIV-1 DNA accumulates during the early phase of infection, this would suggest that therapy has been less active. Targeting and eliminating the latent reservoirs containing integrated HIV-1 DNA will be required if eradication of HIV-1 is to be achieved.
In conclusion, our research has shown that levels of intracellular HIV-1 DNA in PBMC remain detectable despite prolonged suppression of HIV-1 RNA to , 50 copies/mL in children who have received HAART for >2 years. HIV-1 DNA levels gradually decrease and appear to reach a plateau after 80 weeks of therapy. The quantitation of intracellular HIV-1 DNA in PBMC may be a useful marker of further virus suppression when plasma HIV-1 RNA levels have become undetectable by highly sensitive assays. The nature and pathogenetic impact of sustained levels of HIV-1 DNA in children receiving HAART requires further investigation.
